Ground-penetrating radar study of the Cena Bog, Latvia: linkage of reflections with peat moisture content
early applications of GPR to study peat deposits, it was recognized that it is relatively easy to identify a reflection related to mineral bottom of the bog (Halleux, 1990; Hanninen, 1992) . Also it is frequently used for peat thickness measurements (Lowry et al., 2009; Comas et al., 2011; van Bellen et al., 2011) . Some authors have also used GPR for characterization of the sediments that forms mineral bottom of bog (Comas et al., 2005a; Musgrave & Binley, 2011) .
From the first attempts at GPR profiling in bogs (Hanninen, 1992; Sass et al., 2010) it was seen that the obtained radar images also display reflections relating to boundaries between peat layers. In numerous studies, researchers have tried, with varying success, to link the obtained reflections with changes in specific properties of peat.
It is generally accepted that reflections are related to peat moisture content changes (Holden et al., 2002; Slater and Reeve, 2002; Comas et al., 2004; Kettridge et al., 2008; Plado et al., 2011; de Oliveira et al., 2012) . Further, several authors (Slater & Reeve, 2002; Kettridge et al., 2008; Comas et al., 2011) argue that changes in peat moisture content are related to other properties of peat, such as ash content, density, botanical composition and degree of decomposition. Thereby, GPR can potentially be used for identification peat boundaries of various properties, e.g., to correlate GPR signal reflections with boundaries of peat layers characterised by different degree of decomposition (Kettridge et al., 2008; Plado et al., 2011) or different botanical composition (Hanninen, 1992; Sass et al., 2010) . These results are, however, not unambiguous as there is still no widely-accepted opinion about the effect of various peat properties on the propagation and reflection of the GPR signal.
The generally-accepted opinion that moisture content change is the major factor that influences electromagnetic wave propagation speed (V EMW ) in peat is most likely correct. First, dielectric permittivity of water is high, 81 according to Buchner et al. (1999) , and even small variations in the peat volumetric water content modify the dielectric permittivity of sediments. Second, some authors have proven that even minor changes in volumetric water content in peat influence v EMW (Comas & Slater, 2007; Parsekian et al., 2012) .
It is ambiguous, however, to directly use the results of the previously mentioned research methods in the field. However, various aspects (such as attenuation, geometric spreading, scattering) must be taken into account. As a result, it is not possible to estimate the change in peat moisture content required in order to cause a detectable GPR signal reflection.
The goal of present study is to estimate the magnitude of differences in moisture content of peat layers required to cause reflection at their boundary. Additionally, influence of the degree of peat decomposition and peat ash content on propagation and reflection of the GPR signal are evaluated.
Field site
Cena Bog (centred at 56°51'26.5" N; 23°51'3.4" E; Fig. 1 ) with an area of ~90 km 2 , located ~12 km SW of Riga (Latvia) has served as study site. The average peat thickness of the bog is ~2 m and maximum 6 m respectively (Kalnina, 2008) . Opened bog pools (Fig. 1c) are common in central part of the bog, where the thickness of the peat body is the greatest. The area of most pools is less than 0.02 km 2 , although the biggest one, Lake Skaista, covers 0.183 km 2 . Sphagnum dominated peat occurs in the central part of bog, although Phragmites peat has been recognized in the peripheral part of the bog (Kalnina, 2008) . The degree of decomposition of peat using percentage evaluation varies in between 15-20 % (Klavins et al., 2008) . The underlying mineral basement of the bog consists of the Baltic Ice Lake sands and clayey sands. Cena Bog may have started to form 5000-6000 years ago due to lack of water drainage from the local depression (Kalnina, 2008) .
Methods
The field data were collected in April 2014. In the course of the study we installed two GPR profiles (Fig. 1d) , Profile A (onset -56°51'23.7"N; 23°49' 37.2"E, end -56°51'25.09"N; 23°49'38.13"E, length 41 m) and Profile B (onset -56°51'24.2"N; 23°49'35.9"E, end -56°51'25.5"N; 23°49'36.6"E, length of the profile is 38 m). The Profile A was used to determine the relationship between the GPR signal reflections and changes in general peat properties, such as moisture content, ash content and degree of decomposition. While taking into account the data obtained from GPR Profile A, it was decided to install a second GPR profile in close proximity to GPR Profile A solely in order to determine the relationship between the GPR signal reflections and moisture content changes in the peat section.
A peat section of the bog was measured manually by coring (corer with 50-cm-long sample chamber) and peat coring took place in eleven locations. Along GPR Profile A three cores were drilled, while along GPR profile B eight cores were taken. Cores were transported to the laboratory in faculty of Geography and Earth Sciences, University of Latvia where peat moisture and ash content were analysed at 5-cm-intervals. Peat decomposition degree was analysed in Ltd "Environmental consultation bureau" laboratory at 20-cm-intervals.
Peat moisture content was determined by weighting the samples before and after drying them at 105 °C for 24 hours. During sampling it was apparent that up to a depth of ~1 m the peat subsamples were rapidly losing water. Thus we consider that the results of moisture content analysis are reliable for samples obtained from a depth of at least 1 m.
Further, ash content was determined by the loss on ignition method, by burning the samples at 800°C for 2 hours. Degree of decomposition of peat was described by using a light microscope (Malterer et al., 1992) .
Accuracies of peat moisture content and ash content analysis were determined by using method of fractional uncertainties (Taylor, 1996) . Calculated moisture content and ash content errors varied accordingly from 0.005 to 0.089 wt% and from 0.047 to 0.74 wt% for obtained samples. For few peat sub-surface samples calculated ash content error was ~1.5 wt%.
For optimum GPR data quality in peatlands, Sass et al. (2010) recommend using an antenna system with a central frequency close to 250 MHz. Following Zond 12-e GPR was applied by using a common offset configuration with a 300 MHz antenna system. It was determined that central frequency for reflections that were identified in obtained radar images is ~120 MHz that corresponds to wavelength of ~30 cm (assuming that value of dielectric permittivity is 73). Data were recorded using a 500 ns time window. Profile length was measured with a measuring tape. During recording of common offset profile, time triggering mode of sounding was used and 80 traces per second were recorded.
To determine V EMW a common midpoint method (CMP) according to Neal (2004) was applied using 300 MHz antenna as transmitter and 500 MHz antenna as receiver. It was necessary to use 500 MHz antenna as receiver because construction of 300 MHz antenna system prohibits separation of its transmitter and receiver antennas. Both antennas were moved apart in respect to a central fixed position in a direction parallel to common offset profile. The distance between separate traces was set to 10 cm, and the final distance between transmitting and receiving antennas was ~10 m. One CMP measurement was performed on both GPR profiles. The exact positions for the CMP measurements were chosen using common offset radar images in positions where all identifiable subhorizontal reflections were distinct and clearly traceable.
The raw GPR data were processed and analysed by Prism 2.5 software. To compensate for signal losses and improve the informative reflections: (i) time-dependent signal gain function; (ii) Ormsby band-pass filter with low frequency cut off at 35 MHz and high frequency cut off at 245 MHz; (iii) background removal filter and (iv) normal moveout correction (Neal, 2004; Karušs, 2014) were used.
After processing of recorded radar images, depths from which the GPR signal reflections were received at each core were determined. For that, first, the time after which the reflections were received using common offset GPR profiles at each core was determined.
Second, using CMP data the average V EMW up to the reflection of interest was calculated by applying linear regression of the squared two-way travel time versus the squared transmitterreceiver separation (Neal, 2004) .
Not all the reflections identified in the common offset GPR profiles show up in the CMP radar images. Depth of such reflections was calculated by using V EMW determined using next deepest reflection traceable in the CMP radar image.
Calculated V EMW values and travel time were used to calculate the depth from which each reflection was received at each coring locality. It was assumed that the calculated depths of the reflector surfaces differ from the actual depths of the reflector surfaces with similar error as calculated depth of bog mineral bottom for a particular core differs from actual measurement in that coring. As biggest difference between those values was 6 cm, it was assumed that depth of each reflector is determined with precision of +/-6 cm.
Using Complex Refractive Index Model (CRIM; Parsekian et al., 2012) bulk dielectric permittivity (ε b ) for each 5-cm-interval sample was calculated:
where θ -volumetric water content; ϕ -porosity; ε s -dielectric permittivity of the solid phase (set to a a a a 2; Comas et al., 2005b) ; ε w -dielectric permittivity of water; ε g -dielectric permittivity of air. In the course of calculations α was set to 0.35 as commonly used for peat (Strack & Mierau, 2010) , ε w was set to 83.83 (selected for in the field measured average temperature of peat 10 °C) and it was assumed that gas content is negligible (ϕ = θ). For peat particles density values reported by Redding & Devito (2006) were used. Using with CRIM calculated values of ε b and from obtained radar images determined two-way travel times, depths from which the reflections have been received were calculated. Depth values of reflectors, calculated with CRIM, were compared to those values obtained with V EMW that were determined with CMP. As a result it was possible to evaluate effect of water content alone to ε b .
Results
Along a GPR Profile A (Fig. 2a) , a mineral bottom composed of sand at a depth of ~4.5 m is overlain Fig. 2 . a) GPR survey image along the Profile A (see Fig. 1 for location) . B.1 to B.3 indicate core positions; CMP locates a common midpoint study (see Fig. 3a ). Number 1 is the mineral-peat contact reflection, number 2-6 are reflections within the peat. b) Down-core variations of peat moisture content (W), ash content (A), and degree of decomposition (SP). Numbers at the right side and horizontal lines correspond to position of reflections acquired from common offset profiles while black thick lines corresponds to bog mineral bottom.
by a layer 1.6 m deep of fen-type peat. The upper part of the fen-type peat mainly consists of Carex remains, whereas the basal part consists of wood and sedge remnants. The characteristic degree of decomposition for this layer is ~30 %, while the moisture content varies between 83.0-91.5 %, and ash content gradually increases from 2 % at the top to 10 % at the base of the layer.
Fen-type peat is overlain by a layer of ~0.2 m of transitional peat. Various grasses, sedges and Hypnum moss are the peat's main components. The characteristic degree of decomposition for this layer is 26 %, while the moisture content varies from 90 to 93 % and the ash content is ~2 %.
The upper part of the sediment consists of a layer of ~2.6 m of raised bog-type peat that consists of S. fuscum, S. magellanicum, and S. angustifolium moss and cotton grass remnants. The characteristic degree of decomposition for this layer is 18 %, while the moisture content varies between 91-95 % and the ash content is ~1.4 % (Fig. 2b) .
In Profile A, six sub-horizontal GPR reflections occur (named 1 to 6 from the deepest to the shallowest; Fig. 2a ), which are related to the boundaries between layers with different electromagnetic properties. These reflections are generally sub-horizontal and are more or less traceable, although in some parts of the radar image they have low amplitude. Instead, it is possible to identify zones of reflections that are related to the boundaries for peat layers. This observation suggests that the boundaries between peat layers with different electromagnetic properties are not continuously distinct.
The common mid-point study (Fig. 3a) on Profile A traces three reflections (1, 2, and 5) ( Table 1) .
The depth from which Reflection 1 was received differs from the depth at which the bog's mineral bottom was reached in the boreholes by no more than 5 cm (Fig. 2b) . Accordingly, we related Reflection 1 to the bog's mineral bottom.
Identified in all three cores, at a depth of approximately 3.8 m, there exists a peat interval with a relatively low moisture content (4 % lower than surroundings). Reflection 2 was received from each coring point directly below this interval. Consequently, Reflection 2 was considered to relate to a distinct moisture content change.
At coring points B.1 and B.3, GPR Reflection 4 was received from a depth of approximately 2.7 m, whereas at a core depth of 2.6 m there was a distinct 3-4 % decrease in the peat moisture content (Fig. 2b) . In core B.2, peat moisture content change is more gradual; however, they are coincident with GPR-derived Reflection 4. Accordingly, Reflection 4 is also related to peat moisture content changes.
It is difficult to relate Reflections 3, 5, and 6 to any of the changes in peat section parameters. For Fig. 3. a) Results of common mid-point measurements on GPR Profile A (see Figs. 1 and 2a for location) . The numbered reflections refer to reflections from mineral base (1) and within the peat body (2 and 5). b) Results of common mid-point measurements on ground-penetrating radar Profile B (see Figs. 1 and 4a for location) . The numbered reflections refer to reflections from mineral base (1) and within the peat body (2, 4, 6). example, in core B.3 the depth from which Reflection 5 was received coincides with rather distinct peat moisture content decrease, whereas in core B.1 similar peat moisture content changes are not evident (Fig. 2b) .
In general, the reflections that were identified on GPR Profile B have the same characteristics as those that were seen on GPR Profile A (Fig. 4a) . Moreover, the reflections on Profile B are more pronounced. The same applies to CMP results (Fig. 3b) .
Also in Profile B, the depth of the interface between the peat and the underlying mineral sediments that were calculated from GPR data (Reflection 1) correlates well with the manual coring measurements (Fig. 4b) . Reflections 2 and 6 correlate well with detected changes in peat moisture content.
In each of the eight cores moisture content changes coincide with the calculated depth of GPR Reflection 4 (Fig. 4b) . The GPR-derived Reflection 4 (at coring points B.2 and B.4-B.11) correlates with a peat moisture content decrease as well as with a boundary between light-coloured raised bog-type peat with a relatively low degree of decomposition and dark-coloured transitional and fen-type peat with a relatively high degree of decomposition (Fig. 5) .
As a contrary picture, the relationship between GPR Reflection 4 with a peat-level of decomposition that was observed in cores B.1 and B.3 is limited. In core B.1 the boundary between light-coloured raised bog-type peat and dark-coloured transitional or fen-type peat is more gradual, while in core B.3 some minor fluctuations in the degree of peat decomposition occur (Fig. 5a ).
As in GPR Profile A, in Profile B GPR Reflection 3 is only partially related to peat moisture content changes. Reflection 5, imaged by GPR, does not accord with any peat properties.
Discussion
Present data show that a moisture content change of at least 3 % is required in order to result in a detectable clear GPR signal reflection. These results are consistent with the results that were reported by Parsekian et al. (2012) . They demonstrated that Fig. 4 . a) Radar image along the Profile B (see Fig. 1 for location) . B.4 to B.11 indicates locations of cores; CMP locates a common midpoint study (see Fig. 3b ). Numbers (1 to 6; see text for descriptions) refer to reflections from mineral base (1) and within the peat body (2 to 6). b) Moisture content of peat along cores B.4 to B.11. Numbers at the right side and horizontal lines correspond to position of reflections acquired from common offset profiles while black rectangles corresponds to bog mineral bottom.
increase in the peat moisture content of ~3 % would result in increase of dielectric permittivity of ~8 % and would substantially change the GPR signal propagation speed. At the laboratory level Parsekian et al. (2012) were able to detect moisture changes of 1 % using GPR. Such small differences were however not detectable in present field study, probably due to high signal attenuation.
In the study it was possible to relate most of the reflections in terms of changes in peat moisture content. The CRIM calculated values of v EMW also corresponded well with CMP calculated values of Red rectangles mark the depth from which reflection 4 was received, green rectangles mark the depth from which reflection 4 was received as calculated by using CRIM and the blue rectangles mark the depth at which abrupt peat moisture content changes were identified. Light-coloured peat is raised bog type peat with degree of decomposition less than 20 % while dark-coloured peat is transitional and fen type peat with degree of decomposition almost 30 %.
v EMW , indicating the dominant role of water content in the values of ε b (Table 1; Fig. 5 ). In some cases, however, it was hard to separate the influence of moisture content changes to a particular reflection from the influence of peat decomposition changes (Fig. 2) . In some cases, it was not at all possible to relate the reflections against volumetric moisture content changes (Fig. 4) .
Results of this research disagree with the generally-accepted opinion that it is possible to explain all obtained reflections from bogs on the basis of volumetric moisture content changes only (Holden et al., 2002; Slater & Reeve, 2002; Comas et al., 2004; Kettridge et al., 2008; Plado et al., 2011; de Oliveira et al., 2012 As it was not possible to relate some of the obtained reflections directly with any of the determined properties of peat (moisture content, ash content, the degree of decomposition, botanical composition), other more complex mechanisms must be considered. For example, bound water has significantly different electromagnetic properties from free water (Kaatze, 2011) . It is possible that the degree of decomposition and botanical composition of peat influences the amount of water molecules that are in a relatively bounded state. Following on from this, the bulk electromagnetic properties of peat that influences propagation and the reflection of a GPR signal are the function of the mutual interaction of peat moisture content, the degree of decomposition, and the botanical composition.
Generally it is assumed that it is possible to distinguish separate reflections from two boundaries if the distance between them is greater than one quarter of the wavelength of the transmitted signal (for present research 7 cm) (Reynolds, 1997; Jol, 2009) . The resolution of moisture content analysis was slightly higher, sitting at 5 cm. So it is possible that there are some thin layers (thickness ~2-3 cm) with differing moisture content levels that were not detected by laboratory analysis. It should be noted that the vertical resolution of the GPR indicates the minimal distance that is required in order to distinguish between two separate reflections. In situations where the thickness of the layer is smaller than a quarter of the wavelength of the transmitted signal, it will be impossible to distinguish between two separate reflections from the layer boundaries. It will be, however, possible to detect one reflection in general from this thin layer.
Some authors (e.g. Jol, 2009) argue that changes in the physical properties of sediments must occur at an interval that is one quarter of the transmitted GPR signal wavelength in order to be detectable with GPR. The actual frequency of the used 300 MHz antenna was ~120 MHz with a corresponding wavelength of 30 cm (ε~73). Consequently, any gradual changes in physical properties over an interval >7 cm would not be detectable with the current antenna system. The present results demonstrate that gradual changes that happen over an interval >10 cm produced a detectable reflection (Reflection 4 in cores B.6 and B.8, Fig. 4) .
Due to the close relationship between water content, botanical composition, and the degree of decomposition of peat, it will be impossible to evaluate the influence of a particular peat property on the GPR signal reflection using only data that has been obtained in field experiments. Field data can provide valuable information about the cumulative effects of peat properties on GPR signal propagation and reflection, but it will still not be possible to distinguish which property's changes were crucial to a particular reflection. In future research it will be necessary to determine the dielectric permittivity of peat samples that exhibit various properties.
Conclusions
Water content has a significant effect on GPR signal propagation and reflection in peat. During the research it was estimated that ~3 % moisture content changes are required to trigger detectable GPR signal reflection. Nevertheless, it was not possible to relate all of the identified reflections to peat volumetric moisture content changes, and therefore other more complex mechanisms must be taken into account.
